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INTRODUCTION
29
Due to the declining conventional oil and gas resources, oil companies tend to explore and produce
MATERIALS AND METHODS
22
Materials and preparation of sample mixtures
23
The chemicals used in the present work were methane, n-butane, n-octane, n-decane, n-dodecane, n-24 hexadecane and n-eicosane. Their provider and purity are indicated in Table 1 . N-octane, n-decane, 25 n-dodecane and n-hexadecane were degassed by using an ultrasonic bath Branson 1510 DTH for at 26 least 1800 s prior to their use. Chemical name Provider Purity * methane AGA gas 0.999995 n-butane AGA gas 0.9995 n-octane Sigma-Aldrich 0.994 a n-decane Sigma-Aldrich 0.998 a n-dodecane Sigma-Aldrich 0.993 a n-hexadecane Sigma-Aldrich 0.994 a n-eicosane Sigma-Aldrich 0. In this work we prepared two ternary mixtures composed of methane/n-butane/n-decane and of 2 methane/n-butane/n-dodecane. Moreover we prepared two 6-component mixtures composed of 3 methane/n-butane/n-octane/n-dodecane/n-hexadecane/n-eicosane. These mixtures were prepared by 4 using a high pressure cylinder with a piston inside. The piston separates the prepared sample 5 mixture from the hydraulic fluid (water) used for pressurization. There is a stainless-steel ball on the 6 sample side of the high pressure cylinder to homogenize the sample.
7
In the preparation of a sample mixture, the sample side of the high pressure cylinder was first 8 evacuated by using a vacuum pump Edwards E2M1.5 for at least 3600 s. The liquid compounds of 9 the mixture were then added to the sample side of the high pressure cylinder through a burette with 10 a standard uncertainty of 0.01 cm 3 . In the case of the ternary mixtures a known volume of n-decane 11 or n-dodecade was added by using the burette. As concerns the multicomponent mixtures, first a 12 liquid mixture containing n-octane/n-dodecane/n-hexadecane/n-eicosane was prepared 13 gravimetrically using an analytical balance Mettler-Toledo PR 1203 which has a standard 14 uncertainty of 0.001 g and then this mixture was loaded into the evacuated sample cylinder with the 15 aforementioned burette. Density values of n-decane, n-dodecane and the liquid mixture (n-octane/n-16 dodecane/n-hexadecane/n-eicosane) were used to obtain the mass of liquid added to the high 17 pressure cylinder. Densities of n-decane and n-dodecane were taken from the NIST Standard
18
Reference Database 23, Version 9.1 [41] , which uses the values from Lemmon and Span [42] for n- liquid mixtures of n-octane/n-dodecane/n-hexadecane/n-eicosane at ambient temperature, they were 21 measured through a densimeter Anton Paar DMA 4100, which has a standard density uncertainty of 22 0.0001 g•cm -3 . The measured densities are presented in Table 2 .
23 24 Table 2 . Densities of the liquid mixtures composed of n-octane/n-dodecane/n-hexadecane/n-25 eicosane at ambient pressure.
26
T * /K x n-octane x n-dodecane x n-hexadecane x n-eicosane ρ § / g•cm After the liquids were loaded in the high pressure cylinder, n-butane was added gravimetrically,
30
followed by methane by using the aforementioned analytical balance. Once all the compounds of 31 the mixture were added to the high pressure cylinder, the pressure of the prepared sample was 32 increased using a syringe pump (Teledyne Isco 100 DX) to a value at least 3 MPa above the 33 estimated saturation pressure. The cylinder was rocked to ensure that a homogeneous single-phase 34 mixture was prepared. The final composition of the ternary and multicomponent mixtures studied in
35
this work is presented in Table 3 . The uncertainty of the mole fraction composition with an 
Experimental set-up
6
The schematic of the high pressure PVT apparatus is given in Figure 1 . The main component of this The temperature of the PVT cell is measured through a Pt100 located in the wall of the cell within 6 0.02 K. The Pt100 uses the resistance of a platinum element to measure temperature. It has a 7 resistance of 100Ω at 0°C and the relationship between temperature and resistance is relatively 8 linear. The temperature sensor is located in the wall of the PVT cell and the temperature is read in 9 the Falcon Software which controls the PVT apparatus. The temperature control is performed 10 through an electric heating system comprised of eight heating resistances, moreover the stability of 11 the temperature is improved by means of a circulating bath Julabo Presto A40 connected to a jacket 12 covering the cell, which can also be used to cool down the system.
13
The system pressure is measured by a pressure transducer Dynisco PT435A which incorporates a The liquid fractions upon expansion below the saturation pressure were determined in a constant 32 mass expansion (CME) process programed in the Falcon software. The CME process consists of 33 expansions of the same sample mixture to a series of pressure stages below the saturation pressure.
34
In our experiment, this was achieved by a series of expansion steps to pre-defined volumes. When a 35 pre-defined volume was reached, a stirring time of at least 60 s was applied followed by subsequent 36 waiting times of 300 s until the pressure was stable within 0.05 MPa. Once the stability is achieved, 
6
The above experimental procedure was applied to determine the saturation pressures for the n-7 alkane mixtures presented in Table 3 in the temperature range from (283 to 448) K for the C 1 -C 4 -8 C 10 system, from (283 to 473) K for the C 1 -C 4 -C 12 system, from (298 to 473) K for the low and high
9
GOR systems, and to measure the liquid fractions in the two-phase regions of these systems in the 10 same temperature ranges. 
PC-SAFT EoS
18
The PC-SAFT EoS was proposed by Gross and Sadowski [37] to model asymmetric and highly 
Soave-BWR EoS
32
The Soave-BWR EoS refers to a recent modification of the Benedict-Webb-Rubin (BWR) EoS [45] 33 given by Soave [38] :
where Z is the compressibility factor, ρ is the density, and by this EoS is as follows:
whereδ is the reduced mixture density, τ is the inverse reduced mixture temperature, x is the More information about GERG-2008 can be found in the original article [39] . As this model is developed for n-alkanes up to nC 10 , it has only been used for calculation of the phase envelope and liquid fraction of the C 1 -C 4 -C 10 system in this study. The parameters used in this model for this ternary system were taken from Kunz and Wagner [39] .
21
The pure compound parameters used in the models, as well as the binary interaction parameters are gathered in tables 4 and 5, respectively. Only binary interaction parameters for the methane/n-23 alkane pairs were used in this work. The interaction parameters between other pairs are usually 24 small and do not influence the calculation results significantly. 
26
RESULTS AND DISCUSSION
6
In this section the quantitative comparison between the obtained experimental data and literature 7 data is performed by using the absolute average deviation (AAD) according to the following 8 equation:
where k is the number of experimental data points, Y stands for the analysed property and Exp., Lit.,
11
stand for experimental and literature, respectively.
12
Also the quantitative analysis of the model performance is given through the absolute average 13 deviation (AAD), in this case obtained by using the following equation:
where k is the number of experimental data points, Y stands for the analysed property and Cal., Exp., stand for calculated and experimental, respectively.
17
The measured saturation pressures for the two ternary mixtures and the two 6-component mixtures 18 are presented in Table 6 . In the studied temperature ranges, maximum saturation pressures of 23.1,
19
30.9, 32.1 and 44.8 MPa were observed for the C 1 -C 4 -C 10 , C 1 -C 4 -C 12 , low GOR and high GOR 20 systems, respectively. All the measured bubble and dew point pressures for the mixtures described
21
in Table 3 are also depicted in Figure 2 as a function of temperature. It should be noted that for the mixture C 1 -C 4 -C 10 no phase transition was observed at 472.55 K when decreasing the pressure from (25.27 to 6.74) MPa. Additionally, for the low GOR mixture at 472.37 K, it was not easy to detect the phase transition because the formed cloud was weak. Although the saturation pressure was M A N U S C R I P T
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found to be in the pressure range from (28.0 to 28.3) MPa, no saturation pressure at this temperature 1 was reported in Table 6 due to the large uncertainty.
K for the methane/n-butane/n-decane system with mole fractions of 0.41, 0.14 and 0.05 for [12]. The overall comparison yielded an AAD of 1.04%, which indicates a good agreement between the results measured in the present work and those from literature.
11 Table 6 . Saturation pressures of the ternary and multicomponent systems studied in this work. (Table 3) . 
16
The performance of GERG-2008 in phase envelope calculation of different mixtures of the C 1 -C 10 binary system was previously investigated by Varzandeh et al. [49] , where they observed a similar behaviour for GERG-2008, especially at high methane mole fraction. They concluded that Soave-
19
BWR and GERG-2008 were very similar in phase equilibrium calculation and both had challenges 20 in describing highly asymmetric systems, even binary pairs as simple as methane and n-decane. by different EoSs.
14
As concerns the constant mass expansion experiments, the measured liquid fractions below the 
23
The maximum liquid fractions obtained under the studied conditions were found at the lowest 
1
Moreover it can be observed that the slope of the liquid fraction vs. pressure curve just below the 2 saturation pressure decreases as the temperature increases. The large slope found at low 3 temperatures indicates that a small change in pressure results in a large amount of liquid drop-out.
4
As concerns the low GOR mixture, its liquid fraction decreases as the pressure decreases below the 5 saturation point. It can also be observed that close to the bubble point, the slope of the liquid 6 fraction vs. pressure curve is larger at the higher temperatures, which indicates that under these 7 conditions a small pressure change causes vaporization of a large fraction of the mixture into gas.
8
The abrupt change in liquid fraction with pressure is typical for near-critical fluid. For the C 1 -C 4 -9 C 10 , the C 1 -C 4 -C 12 and the high GOR mixtures, their critical point temperatures are below the low 10 temperature limit investigated here. The lowest temperatures for these three mixtures are the 11 conditions closest to their critical points and thus correspond to the most dramatic liquid 12 condensation just below their saturation pressures. Similarly, for the high GOR mixture, its critical 13 point is above the high temperature limit investigated here and it is at the highest temperature that 14 this mixture undergoes the dramatic vaporization just below its saturation pressure. 
13
GOR systems, respectively. Under the studied temperature ranges bubble points were found for the 14 low GOR system whereas dew points were found for the C 1 -C 4 -C 10 , C 1 -C 4 -C 12 , and high GOR 
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Bubble points found for low GOR system and dew points found for C 1 -C 4 -C 10 , C 1 -C 4 -C 12 , and high GOR systems Maximum liquid fractions of 0.38, 0.31 and 0.29 were found for C 1 -C 4 -C 10 , C 1 -C 4 -C 12 , and high GOR systems, respectively PR and PC-SAFT have a better overall performance in the prediction of the experimental saturation pressures Liquid fractions of the low GOR mixture are predicted with an AAD lower than 8% through all models C 1 -C 4 -C 10 , C 1 -C 4 -C 12 , and high GOR liquid fractions are predicted satisfactorily at pressures up to 80 % of saturation pressure
